New radiative lifetime measurements based on time-resolved laser-induced fluorescence are reported for 57 odd-parity and 9 even-parity levels of Ni , ranging in energy from 29 000 to 57 000 cm-'. Our lifetimes agree with earlier measurements based on laser-induced fluorescence but are much more extensive than earlier laser measurements. These lifetimes are found to agree with the recent critical compilation of atomic transition probabilities from the U.S. National Bureau of Standards [J. Phys. Chem. Ref. Data 17, Suppl. 4 (1988)]. These lifetimes are also compared with lifetimes derived from the highly accurate (0.7%) relative oscillator strengths measured by the Oxford group [Mon. Not. R. Astron. Soc. 236, 235 (1989)]. Our lifetimes provide an improved (±2%) absolute scale for the Oxford measurements.
INTRODUCTION
A combination of techniques from laser spectroscopy and Fourier transform spectroscopy is rapidly improving the database of atomic transition probabilities. Recent studies of V ,' of Sc and Sc ii, 2 and of Fe (Ref.
3) demonstrate the power of this approach. Laser-induced fluorescence (LIF) from atoms and ions in a beam is used to measure accurate radiative lifetimes. These lifetimes provide the normalization needed to convert branching fractions, as measured with a powerful Fourier transform spectrometer, into absolute transition probabilities. We report accurate (±5% or ±0.2 ns) lifetimes for 66 levels in Ni I, with energies ranging from 29 000 to 57 000 cm-', measured by time-resolved LIF on a slow Ni atomic beam. The lifetimes provide the absolute normalization needed for comprehensive transition probability measurements of Ni by Fourier transform spectroscopy. A comprehensive set of Ni transition probabilities will be useful, for example, in studying departures from local thermodynamic equilibrium in stellar atmospheres. 4 These lifetime measurements confirm and extend earlier measurements based on LIF methods' 6 and confirm the normalization for Ni transition probabilities in a recent critical compilation. 7 The lifetimes provide an improved absolute normalization for the highly accurate (±0.7%) relative absorption oscillator strengths from the Oxford group. 4 EXPERIMENT O'Brian et al. ' recently described the apparatus used in this experiment. A hollow-cathode beam source is used to produce a slow beam of Ni atoms, a pulsed dye laser is used to excite these atoms, and the resulting fluorescence decay is detected and analyzed to determine a radiative lifetime. No further description will be given here, but a discussion of potential systematic errors is essential.
RANDOM AND SYSTEMATIC UNCERTAINTIES
A conservative estimate of the total random and systematic uncertainty in our lifetimes is the larger of ±5% or ±0.2 ns. The signal from the photomultiplier (PMT) in this experiment is recorded and averaged with a Tektronix SCD1000 transient waveform digitizer, which has an analog bandwidth of 1 GHz and a sampling rate as high as 200 GHz. The leading edge of the signal from the PMT and the first 5 ns after the peak are discarded in our analysis of the LIE Thus deconvolution of the fluorescence signal and the laser pulse is avoided. The signal is analyzed by using a least-squares fit to a single exponential. Reported lifetimes are an average of more than 12 000 individual fluorescence decay curves, each of which represents as many as 104 photons. The statistical uncertainty is less than 0.5% (1 standard deviation) when signals are strong.
The lifetime experiment has a dynamic range of 2 ns to 2 As. The finite electrical bandwidth of the detection apparatus is a concern at the 2-ns end of the range. Error arising from the atoms escaping from the observation region before radiating is a concern at the 2-As end of the range.
The base of the 1P28A PMT is wired for low overall inductance in order to maintain the full electronic bandwidth of the tube. The base includes bypass capacitors in order to provide good linearity to 10 mA of peak anode current and includes small damping resistors to reduce ringing.' The electrical bandwidth of the detection system was previously tested by measuring the lifetimes of the 3 'P' and 4 'P' levels of He , which are known to ±1% from sophisticated calculations.
9 0 We also measure the lifetime of the 2s2p 'Pl level of Be I to test the bandwidth of our experiment. Although the calculations available for the 2 s 2 p 'P'-2s 2 'So transition probability in Be are not so accurate as the best calculation for He , we believe that there is enough evidence to conclude that the radiative lifetime of the 2s2p 'P'l level is 1.85 ± 0.05 ns." The Sims and Whitten" calculation of the 2s2p 'P'-2s 2 'So transition probability in Be approaches the reliability of the best calculations for He I. Accurate (±1% to ±3%) experimental lifetimes in the 3-8-ns range are available for selected levels in Fe ii and Cu I.' 2 "1 3 We remeasure some of these Fe iI and Cu lifetimes to test the experiment in the 3-8-ns range. We measure the lifetime of the 3 3 P0 level 0740-3224/93/050794-05$05.00 ( 1993 Optical Society of America of He I, which is known to +1% from sophisticated calculations, to test the experiment in the 100-ns range.'" Optimum fluorescence collection efficiency for levels with lifetimes of '100 ns is achieved by imaging the intersection of the laser and the atomic beams onto the PMT cathode. Two lenses, forming an f/1 system with unity magnification, are used. The fluorescence light is roughly collimated between the two lenses. There is a provision for inserting interference filters or dye filters between the lenses. Occasionally, branching ratios are favorable for observing fluorescence at a wavelength much different from the laser wavelength, in which case filters are used to block scattered laser light and isolate the LIE Imaging the intersection of the laser and the atomic beams directly onto the PMT cathode is not optimum for longer-lived (300 ns) levels, because this arrangement can lead to systematic error in long lifetimes caused by atomic motion. The image of the radiating atoms moves across the photocathode, which has a position-dependent response. In addition, the efficiency of the fluorescence collection system is weakly position dependent. This systematic error is said to be due to the atoms' escaping from the observation region before radiating. This systematic error was studied in detail during earlier experiments with the same apparatus,' 4 and techniques were developed for eliminating the error. One of the techniques involves introducing optics into the fluorescence collection system to defocus the image of the atomic beam on the photocathode. (This modification results in loss of fluorescence signal.) The second technique, which is necessary when lifetimes near 2 ptLs are measured, involves timeof-flight selection of slow atoms. All the Ni I lifetimes are less than 500 ns, thus only the former technique is necessary.
Repopulation of the level under study by radiative cascade from higher levels is not a problem because of the highly selective laser excitation. Filters are used to block emission from lower-lying levels, which are populated by radiative cascade from the upper level under study. Effects of this cascade fluorescence are observed, and are eliminated by filters, for odd-parity levels above 44 000 cm-', such as levels of the x 3 P0, v 3D', 5 So, and w 3 P0 terms. These levels have significant branches in the infrared.
Even-parity levels studied here are all excited from the z 5 G6, z 5 D4, and z 5 D3 levels, which are effectively metastable odd-parity levels. Lifetimes measurements on even-parity levels, such as those in the e 5 F and e 3G terms, require considerable care in the analysis of possible cascade fluorescence and in the choice of the blocking filter.
The ±5% or ±0.2 ns total uncertainty in our measurements cannot be described simply as a lo-or 3cr uncertainty, because the statistical uncertainty in our results is quite small (<1%), as described previously. It is our goal to have more than 90% of our lifetimes accurate within one uncertainty. Every effort is made to understand and to control systematic error. Table 1 is a list of our lifetime measurements. The number in parentheses following each entry is the uncertainty in the last digit of the entry. Configuration and term assignments, along with level energies, are from Ref. 15 . Laser wavelengths used to excite the levels are also listed. The wavelengths are from Ref. 16 . Whenever possible, more than one transition is used to excite a level. This duplication ensures that the original classification of the line is correct, that the line is unblended, and that it is correctly identified in our experiment.
RESULTS
The critical compilation of atomic transition probabilities by Fuhr et al. reviewed research before 1988 on Ni I transition probabilities. 7 Thus the comparison in Table 1 is primarily between the present study and their critical compilation. We also include earlier LIF measurements of lifetimes in Table 1 because they are directly comparable with our measurements. The average and root-mean-squared differences between earlier lifetime measurements by LIF of Heldt et al. ' and our lifetimes are 8.9% and 10.8%, respectively. 6 The average and rootmean-squared differences between earlier lifetime mea- (4) (5) 6.9 (3) 96 (5) 15 .9(8) 6.4 (3) 231 (12) The critical compilation of atomic transition probabilities by Fuhr et al. 7 includes transition probabilities for essentially all of the decay channels of some selected Ni levels. Lifetimes for these selected levels are derived by summing transition probabilities and are included in Table 1 . Upper limits for a few additional lifetimes derived by summing transition probabilities are also included in Table 1 . The critical compilation included most (80% or 90%) of the total transition probability for decay from these additional levels. Typically the uncertainties in the transition probabilities in the critical compilation are ±25% for spectral lines from lower excited levels and range up to ±50% for lines from higher excited levels. These uncertainties are conservative. If we limit the comparison to upper levels for which the critical compilation has a complete set of transition probabilities and if we omit the J = 4 level at 44336 cm-', then the agreement between our lifetimes and lifetimes from the critical compilation is extremely good. The average and root-mean-squared differences are +4.2% and 15.1%, respectively.
The most accurate (±0.7%) relative Ni oscillator strengths (f values) are undoubtedly those measured recently by the Oxford group. 4 Blackwell et al. 4 used primarily Hanle effect measurements performed by Becker et al.' 7 to normalize their relative absorption oscillator strengths. Blackwell et al. 4 estimate that the uncertainty in the absolute scale of their oscillator strengths is ±7%. Table 2 is a comparison between lifetimes derived from the Oxford oscillator strengths and our experimental lifetimes. The Oxford measurements include almost all (Ž99%) of the transition probabilities from nine levels and include most (-83%) from five additional levels. For 11 of the levels we use the assessment of completeness given by Blackwell et al. 4 The completeness of oscillator strengths from the z 'D2, y 3D3, and y 3D, levels is assessed by comparison of the Oxford data with the recent critical compilation. 4 ' 7 The ratio of these lifetimes is given in the last column. The average of all these ratios is 1.043, and the standard deviation is 0.021. The average of the ratios for which the Oxford contribution represents -99% is 1.035, and the standard deviation is 0.020. This comparison provides a new absolute scale for the Oxford f values; the log(gf)'s should be increased by 0.015. The uncertainty in this log(gf) scale is no worse than ±0.009, which is the standard deviation of ratios (±2%), because the systematic uncertainties in our lifetimes are different for the longlived and short-lived levels, as discussed previously. The + 1% average difference between lifetime measurements by LIF of Becker et al. and our lifetimes shown in Table 1 also provides strong support for this revised absolute scale and for a ±2% total uncertainty on this scale. 5 In summary, we report new radiative lifetime measurements for 66 levels in Ni i. Our measurements agree with earlier but less extensive LIF measurements; they also provide an improved absolute scale for the highly accurate measurements of relative oscillator strengths by the Oxford group. Finally, these lifetimes provide the absolute normalization needed to derive a comprehensive set of Ni i transition probabilities from Fourier transform spectra.
